INTRodUcTIoN
The continental margin of Eurasia plate started to become a rifting margin in early Cenozoic and changed to passive margin during the Miocene (Teng 1990; Teng et al. 1991; Lin et al. 2003) . Due to the arc continental collision in late Miocene, the Eocene rifting basin strata was exposed to surface in Taiwan orogenic belt, providing a unique area to study the rift basin evolution of the Eurasia continental margin (Huang et al. 2012; Lee et al. 2015) (Fig. 1) . The northern Hsuehshan Range exposes the Eocene to Miocene strata along the Northern Cross Highway, which provides a good transect to discuss the rifting basin evolution in continental margin (Fig. 1a) . Based on the paleontology and sedimentology evidences, Huang et al. (2012) proposed a deposition gap exists between the middle Eocene and Oligocene (39 -33Ma) in the northern Hsuehshan Range and this gap resulted from continental break-up associated with the formation of South China Sea oceanic Crust (Fig. 2) . Other studies, in contrast suggest that no deposition gap from late Paleocene to Miocene exists (Chang 1975; Chen 2016) (Fig. 2) . The different stratigraphic ages for the units Terr. Atmos. Ocean. Sci., Vol. 29, No. 3, 291-300, June 2018 (a) showing the location of the four samples used for detrital zircon dating during this study (red circles). The thick white line indicates the Northern Cross-Island Highway, the inset map shows the main geological units of northern Taiwan, and the red box indicates the location of (a). WF: Western Foothills; HR: Hsuehshan Range; CR: Central Range. (b) Map showing details of the sampling sites used during this study (red circles) and the foraminifera locations of Chang (1973) and Huang et al. (2012) . Fig. 2 . Diagram showing three models of the stratigraphic ages of the northern Hsuehshan Range, including foraminifera within the Szeleng Sandstone (Chang 1973; Huang and Cheng 1983; Fong et al. 1994; Matsumaru 2005; Huang et al. 2012) . Huang et al. (2012) indicates the presence of a breakup unconformity between the Paling Formation and Szeleng sandstone, whereas Chen (2016) indicates conformable deposition and this study is based on the U-Pb detrital zircon data.
in the northern Hsuehshan Range also results in different stratigraphy correlations between the northern to southern parts of the Hsuehshan Range (Shea 2009; Shea et al. 2011) . Well-constrained stratigraphy ages, therefore, are a key to better understanding the stratigraphic correlations in the Hsuehshan range to reconstructing the history of rifting in the South China Sea. Previously the stratigraphic ages in the northern Hsuehshan Range were constrained using field relationship and paleontology data. In an effort to better constrain the ages and possibly provide answers to the abovementioned questions, we applied the zircon U-Pb dating technique to two previously identified units: the Hsitsun Formation and Szeleng Sandstone. The closure temperature of zircon U-Pb dating is ca. 800 -900° indicating that the U-Pb zircon grain age is the age of crystallization of the zircon grains and ages are not easily affected during the diagenetic to metamorphic processes (Harley et al. 2007 ). Detrital zircon U-Pb ages, therefore, are powerful tools for studying to the provenance problems (Morton et al. 1996; Košler et al. 2002) . In addition, the youngest zircon ages can constrain the maximum deposition age (DeCelles et al. 2007; Dickinson and Gehrels 2009; Tucker et al. 2013) . In this study, we obtained detrital zircon U-Pb ages and found that ca. 8% of the obtained data set has Cenozoic zircon grains in the Hsitsun Formation, which is the oldest mapped unit in northern Hsuehshan Range. The results provide a unique chance to refine the stratigraphic ages in this part of the range and they provided critical constraints on correlating units throughout the rest of the Hsuehshan Range.
RegIoNAl geology ANd sTRATIgRAPHy
The Hsuehshan Range is located in northern Taiwan between the Western Foothills to the west and the Central Range to the east, and exposes a thick Oligocene sedimentary sequence with minor amounts of upper Eocene and Miocene sediments (Fig. 1a) . These sedimentary sequences were deposited during the rifting (Paleocene to Eocene) to post-breakup stage (Miocene) of the formation of the South China Sea (Teng 1990; Lin et al. 2003) . Continuous magmatism events have been observed during the rifting stage (Chung et al. 1995; Lin et al. 2003) . Sedimentation occurred primarily in a half-graben recognized as the Hsuehshan Trough (Ho 1986; Teng 1990; Teng et al. 1991; Lin et al. 2003; Yu et al. 2013 ). The Northern Cross-Island Highway exposes a thick Eocene to Miocene sequence represented by the Hsitsun Formation, the Szeleng Sandstone, the Paling Formation, and two overlying Miocene units, the Sule and Sankuang Formation (Fig. 1) .
The Hsitsun Formation crops out in the core of the Hsitsun anticline and was first described by Ooe (1931) . Before 1980, most researchers interpreted the Hsitsun Formation and Szeleng Sandstone to be late Eocene age and conformably overlain by Oligocene Paling Formation; however there was no paleontological evidence to support this interpretation (Chang 1975) . Later, in the Szeleng Formation a dense layer of Nummulites junbarensis foraminifera was discovered in the Sezleng Sandstone (Fong et al. 1994) and Matsumaru (2005) correlated N. junbarensis with the NP 14 nannofossil zone and the P9 -P10 planktonic foraminifera zones in Japan, suggesting an Early to Middle Eocene biostratigraphic age for the Szeleng Sandstone (ca. 47.3 -49.7 Ma) (Fig. 2) . This indicated that the Hsitsun Formation could be from late Paleocene to early Eocene age (Huang 2007; Huang et al. 2012; Chen 2016 ). The Paling Formation, which overlies on the Szeleng Sandstone, has a biostratigraphic age of ca. 30 Ma, as evidenced by the presence of a Globigerina ampliapertura zone (Zone P20/N1; Chang 1962 Chang , 1973 . Considering the strata age gap, Huang (2007) suggested the presence of either an unconformity or very low sedimentation rates between the Szeleng Sandstone and the Paling Formation. Huang et al. (2012) identified numerous carbonate planktonic foraminifera within the upper part of the Szeleng Sandstone that suggested a biostratigraphic ages of Middle Eocene or Middle Eocene to Oligocene. The last appearance datum (LAD) of these planktonic foraminifera led Huang et al. (2012) to suggest that the Middle Eocene age was more accurate and proposed that the depositional gap was related to breakup unconformity during the opening of the South China Sea (Fig. 2) . A recent study by Chen (2016) suggests that the stratigraphic age of the Szeleng Sandstone may extend from middle Eocene to late Miocene and also that there is no deposition gap between the Szeleng Sandstone and Paling Formation. He also suggested that the stratigraphic age of the Hsitsun Formation may be late Paleocene to middle Eocene (Fig. 2) .
MeTHods ANd sAMPles
Six metasandstone samples were collected along the Northern Cross-Island Highway from the Hsitsun Formation and Szeleng Sandstone (Fig. 1) . Three of these samples (T7-13, HT2, and HT4) were obtained from the Hsitsun Formation. One sample SS3 was collected from the bottom of Szeleng Sandstone based on the 1:500000 geological map of Taiwan (Chen 2000) and detailed mapping by Huang et al. (2012; Fig. 1b) . The two remaining samples (E02 and E05) were collected from the Szeleng Sandstone. The U-Pb ages of at least 50 zircons from each sample were analyzed by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at National Chung-Cheng University, Chiayi, Taiwan, following Chiu et al. (2009) and Knittel et al. (2014) . These analyses used an Agilent 7500s quadrupole ICP-MS equipped with a New Wave UP213 LA system. The resulting analyses were calibrated using GJ-1 (Jackson et al. 2004) and Plešovice (Sláma et al. 2008 ) standard zircons, and all U-Th-Pb isotope ratios were calculated using GLITTER 4.4.2 (GEMOC) software. Common lead was corrected following Andersen (2002) , and weighted mean U-Pb ages, probability density curves, and concordia were determined using Isoplot v. 3.0 (Ludwig 2003) .
ResUlTs
A total of 519 U-Pb detrital zircon ages were obtained from the six metasandstone samples with ages ranging from 2.5 Ga to ca. 33 Ma (Appendix A). Most of the analyzed zircon grains were 100 -200 μm long, ~100 μm wide and are euhedral. Cathodoluminescence (CL) imaging representative grains indicate that the majority contain tight oscillatory zoning that is indicative of an igneous origin (Fig. 3) . Histograms of the ages show that about half of the zircons are Mesozoic in age with ages ranging from ca. 170 -100 Ma; additional minor peaks are at 230 -260, 400 -450 Ma and some Cenozoic ages (Fig. 4) . Age spectra and concordia diagrams for these zircons are given in Figs. 4 and 5, respectively, and the age distribution for each sample is discussed below.
(1) E02 is collected from the top of the Szeleng Sandstone.
100 zircon grains were analyzed and ca. 60% grain ages are between 88 and 200 Ma (Figs. 4a and b) . (2) E05 is collected from the eastern margin of the Szeleng Sandstone (Fig. 1a) . 108 grains were analyzed and ca. 60% grain age are younger than 200 Ma. Two Cenozoic grain ages were observed at 41 and 51 Ma (Figs. 4c and d) .
Sample T7-13 was collected near the core of the Hsitsun anticline (Fig. 1b) . A total of 105 zircons from this sample were analyzed, yielding 14 Cenozoic ages (Fig. 4e) and 43 grains have ages between 90 and 170 Ma (41% of the zircon population; Fig. 4f ). Two mean ages were obtained from the Cenozoic zircons: 7 zircons with ages between 33.9 and 37 Ma yield a mean age of 35.3 ± 0.7 Ma (MSWD = 1.2), and 6 zircons with ages between 37 and 41 Ma yield a mean age of 39.2 ± 1.2 Ma (MSWD = 1.4; Fig. 6a ). These ages indicate that sample T7-13 was deposited after ~35 Ma (i.e., during the Late Eocene).
Sample HT4 was also collected from a few hundred meters northwest of T7-13 and also near the core of the Hsitsun anticline (Fig. 1b) . A total of 89 zircons from this sample were analyzed, yielding 30 zircons with ages younger than 200 Ma (Figs. 4g and h ). Seven Cenozoic zircons yielded a mean age of 35.4 ± 1.1 Ma (MSWD = 1.8; Fig. 6b ). Samples HT4 and T7-13 have similar age distributions and similar youngest mean ages (Cenozoic, ca. 35 Ma) that indicate that the ages of the detrital zircons in these samples accurately reflect the provenance of these sediments, suggesting that these two samples were derived from similarly aged protoliths (Fig. 4) .
Almost half of the total of 55 zircons from sample HT2 yielded 206 Pb/ 238 U ages of 461 -91 Ma with a major peak around 450 Ma (n = 31; Figs. 4i and j). The majority of the zircons yield ages between 90 and 170 Ma (n = 11; Fig. 4i ) (a) (b) with a major cluster at 109 ± 3 Ma (range 91 -119 Ma, n = 7) and the rest clustering between 168 and 147 Ma (mean 157 ± 3; n = 4). Only one grain from this sample has yielded a Cenozoic age of 44.0 ± 1.0 Ma. The sample SS3 contains 62 detrital zircons for which the ages range from 35.3 ± 0.8 to 2465 ± 14 Ma (Figs. 4k and l) . 47% of these zircons have yielded 206 Pb/ 238 U ages between 172 and 84 Ma (n = 29; Fig. 4k) , similar to the range of ages from sample T7-13. Only one zircon (SS3-16) of the 62 analyzed grains has yielded a Cenozoic age ( Fig. 4k; Table 1 ). This zircon is approximately the same age as some of the zircons from Hsitsun Formation samples T7-13 and HT4 (Fig. 4) .
dIscUssIoN
Detrital zircon ages are thought to pre-date the deposition of the hosting sedimentary rocks and therefore can only constrain the maximum age of deposition (DeCelles et al. 2007; Dickinson and Gehrels 2009; Tucker et al. 2013 ). It should be noted, however, that interpretations of the youngest ages that rely on single or a small number of zircons maybe highly uncertain or meaningless. Dickinson and Gehrels (2009) , therefore, suggested that the youngestage interpretation be based on multiple grain ages, not the youngest single grain age.
depositional Age of the Hsitsun Formation
In the samples from Taiwan, two samples, T7-13 and HT-4, yielded more than the minimum number of zircon ages necessary for determining the maximum age of deposition whereas three of the remaining samples, E-05, HT-2, and SS-3, had one or two grains of Cenozoic age. The last sample, E-02, yielded no grains of Cenozoic age. Samples T7-13 and HT-4, from the Hsitsun Formation, yielded youngest zircon ages of 35.9 ± 1.0 and 35.4 ± 1.1, respectively. In fact, > 10% (14 of 105 zircons) of the ages obtained for sample T7-13 are younger than 40 Ma and 8% (7 of Table 1 . U-Pb isotopic data for the youngest groups of zircons within the four samples analyzed in this study.
ca. 35 Ma (Fig. 6b ) strongly supporting a maximum depositional age of ~35 Ma for the exposed Hsitsun Formation.
depositional Age of the szeleng sandstone
Samples SS-3 and E-05, from the Szeleng Sandstone, yield peak ages defined by one and two ages, respectively and, although not meaningful for defining the maximum age of deposition, are consistent with its stratigraphic position above the Hsitsun Formation. The maximum depositional age of the Hsitsun Formation constrains the age of the Szeleng Sandstone to be younger than 35 Ma (Fig. 2) . In addition, the youngest age of the Szeleng Sandstone is constrained by the presence of NP23 calcareous nannoplankton near the base of the Paling Formation, which overlies the Szeleng Sandstone in northern Taiwan (Huang 1977 (Huang , 1979 . These age constraints indicate that the Szeleng Sandstone was deposited between 35 and 30 Ma (i.e., between the Late Eocene and Early Oligocene). This interpretation is consistent with the presence of abundant Early Oligocene Shihtsaoan shelf fauna of the foraminiferal Globigerina ampliapertura Zone within the uppermost Szeleng Sandstone in the Peishihchi section (Huang and Cheng 1983) . The biostratigraphic age of the G. ampliapertura Zone is P16 -P19 whereas the top of NP23 yields an age of ca. 30 Ma ( Fig. 2 ; Berggren et al. 1995; Berggren and Pearson 2006; Pearson et al. 2006; Wade et al. 2011) .
Previous research has identified large Nummulites junbarensis foraminifera within the Szeleng Sandstone (Fong et al. 1994) and Matsumaru (2005) suggested that these foraminifera correlated with Early-Middle Eocene foraminifera in the Akashimisaki Formation (Zone NP14) in Japan. The new data presented in this study, however, suggest that the N. junbarensis fossils within the Szeleng Sandstone have been reworked. Shea et al. (2011) reached a similar conclusion for similar fossils in the central Hsuehshan Range.
Tectonic Implications for the New strata Age
Southern Taiwan and adjacent offshore areas contain a 37 -30 Ma unconformity associated with uplift and erosion caused by local fault-block rotation that pre-dates the breakup unconformity formed by the opening of the South China Sea (Lin et al. 2003; Huang et al. 2012) . Huang et al. (2012) suggested the Szeleng Sandstone was deposited between 47.8 and 39 Ma with a break-up unconformity at 39 -33 Ma following the deposition of the Szeleng Sandstone (Fig. 2) . Our new data indicate that the Hsitsun Formation was deposited at ca. 35 Ma and that the 1200 m thickness of the Szeleng Sandstone was deposited at 35 -30 Ma, suggesting that this region underwent continuous sedimentation without a depositional gap (Fig. 4) . The age spectrums from the Hsitsun Formation and Szeleng Sandstone are also quite similar, suggesting a similar source (Fig. 4) . In fact, Eocene rifting stage is associated with many magmatic events that could be the source for the Eocene zircon grains (Chung et al. 1995; Chen et al. 1997; Lin et al. 2003) . Teng (1990) have also suggested that the Lishan fault represents a major normal fault that formed the east boundary of a half-graben basin during the rifting stage. The sediments of the northern Hsuehshan Range are interpreted to have been deposited in the half-graben and, based on the results presented here, preserve continuous deposition. In contrast, the area east of the Lishan fault represents the footwall that may have been uplifted during rifting and may therefore record a breakup unconformity. This interpretation provides important context for future research in northern Taiwan.
Accurate stratigraphic ages in northern Taiwan are also critical to solving problems associated with correlating stratigraphic sequences between the northern to southern Hsuehshan Range. Although paleontological evidence is useful, our study on U-Pb zircon ages shows that the middle Eocene Nummulites are reworked. Because Nummulites have been observed in various places in central to southern Hsuehshan Range, these new findings suggest that the geologic and stratigrahic context of the Nummulites fossils needs to be reexamined throughout Taiwan. This study also puts emphasis on the need to conduct more detrital zircon dating in different areas of Hsuehshan Range to better constrain the correlation of units throughout the Hsuehshan Range and to better understand the rifting history along the continental margin of Eurasia.
coNclUsIoNs
The youngest detrital zircons in the Hsitsun Formation yield an age cluster at 35.4 ± 1.1 Ma. This sedimentary unit produced a zircon population comprising > 8% Cenozoic zircons. Combining these data with the biostratigraphic age of the overlying Oligocene Paling Formation suggests that the Szeleng Sandstone was deposited between 35 and 30 Ma, indicating the Nummulites junbarensis fossils within this sandstone unit have been reworked. The new data provide evidence of continuous sedimentation between the Paling Formation and the Szeleng Sandstone, indicating that the sedimentary sequences exposed along the Northern CrossIsland Highway Transect do not contain a depositional gap or unconformity.
